The proximity coupled topological insulator / superconductor (TI/SC) bilayer system is a promising platform to realize a Majorana bound state at its magnetic vortex core. In order to design a vortex Majorana system from the TI/SC bilayer, a comprehensive understanding of the microscopic properties of the bilayer is required. In this work, a microwave Meissner screening study, which exploits a high-precision microwave resonator technique, is conducted on the SmB6/YB6 thin film bilayer system. The TI thickness dependence of the Meissner screening suggests the existence of a bulk insulating region in the thicker samples. The study also gives an estimate for the characteristic lengths of the TI/SC bilayer: normal penetration depth, normal coherence length, and the thickness of the surface states through analysis of the data based on a spatially dependent screening model. These results demonstrate that the microwave Meissner screening study is an avenue to obtain an extensive understanding of the microscopic properties of a TI/SC bilayer.
The proximity coupled topological insulator / superconductor (TI/SC) bilayer system is a promising platform to realize a Majorana bound state at its magnetic vortex core. In order to design a vortex Majorana system from the TI/SC bilayer, a comprehensive understanding of the microscopic properties of the bilayer is required. In this work, a microwave Meissner screening study, which exploits a high-precision microwave resonator technique, is conducted on the SmB6/YB6 thin film bilayer system. The TI thickness dependence of the Meissner screening suggests the existence of a bulk insulating region in the thicker samples. The study also gives an estimate for the characteristic lengths of the TI/SC bilayer: normal penetration depth, normal coherence length, and the thickness of the surface states through analysis of the data based on a spatially dependent screening model. These results demonstrate that the microwave Meissner screening study is an avenue to obtain an extensive understanding of the microscopic properties of a TI/SC bilayer.
Creating an experimental platform which hosts Majorana bound states (MBSs) in a condensed matter system is a goal that has received great attention recently. [1, 2] Due to robust topological protection, the MBS is a promising qubit candidate for quantum computation. [3] One of the platforms proposed to realize the MBS is a topological insulator / superconductor (TI/SC) bilayer system. [4] With the induced chiral p-wave superconductivity in the topological surface states (TSS), an MBS has been predicted to exist in its vortex core. [5] [6] [7] [8] Therefore, it is important for the physics community to establish and understand the properties of TI/SC bilayer systems.
There have been a number of studies on the Bibased TI (Bi 2 Se 3 , Bi 2 Te 3 , etc) /SC systems through point contact spectroscopy (PCS) [9] , ARPES [10, 11] , and STM [12] [13] [14] measurements. PCS and STM probe the magnitude of the superconducting order parameter induced in the top surface of the TI with a probing depth range limited to the mean free path or coherence length, and cannot be applied to the case when an insulating bulk region is present. ARPES studies the angle-resolved magnitude of the induced order parameter from the first few atomic layers of the top surface of the TI.
In contrast, a microwave Meissner screening study investigates the high frequency electromagnetic field response. The microwave field propagates through an insulating layer and penetrates inside the superconducting system to the scale of the penetration depth, which is comparable to the thickness of typical thin-film bilayers (< 200 nm). Since the field screening response arises throughout the entire bilayer, it can reveal more details of the proximity-coupled bilayer [15] [16] [17] [18] [19] that are not directly available to the other techniques. It is also important to note that the screening response study does not require high-quality surface preparation which is critical for many of the other techniques.
The distinct capabilities of the microwave Meissner screening study on the proximity-coupled system have been previously demonstrated on conventional normal (N) / superconductor (S) bilayer systems such as Cu (N) / Nb (S). [16, [20] [21] [22] [23] [24] [25] [26] [27] [28] It can reveal the spatial distribution of the order parameter and the magnetic field profile throughout the film, as well as their evolution with temperature. From such information, superconducting characteristic lengths such as normal coherence length ξ N and normal penetration depth λ N of the proximitycoupled normal layer can be estimated. The study can also reveal thickness dependent proximity-coupling behavior, which helps to estimate the thickness of the surface states (t TSS ) for TI/SC bilayers. The ξ N , λ N , and t TSS of a proximity-coupled TI layer determine the radius of a vortex, the maximum spacing between vorticies, and the minimum thickness of the TI layer. Such information is required to avoid intervortex tunneling of MBSs, which would result in a trivial fermionic state. [29] Compared to other high frequency electromagnetic techniques such as THz optical measurement, the advantage of the microwave Meissner screening study for investigating the properties of a TI/SC bilayer is that the energy of a 1 GHz microwave photon (≈ 4 µeV) is a marginal perturbation to the system. On the other hand, the energy of a 1 THz optical photon (≈ 4 meV) is comparable to the gap energy (≤ 3 meV) of typical superconductors used in TI/SC systems such as Nb, Pb, Al, NbSe 2 , and YB 6 . [30] [31] [32] Therefore, the microwave screening study is an ideal method to study details of the induced order parameter in TI/SC bilayers.
In this work, we conduct a microwave Meissner screening study on SmB 6 /YB 6 : a strong candidate for topological Kondo insulator / superconductor bilayer systems. The existence of the insulating bulk in SmB 6 is currently under debate. [33] [34] [35] [36] [37] [38] [39] From measurements of the temperature dependence of the Meissner screening with a systematic variation of SmB 6 thickness, this study shows [27] for various Cu layer thickness (tCu). The dashed lines are the model fits. [27, 40] evidence for the presence of an insulating bulk region in the SmB 6 thin films. Through a model of the electrodynamics, the study also provides an estimation for the characteristic lengths of the bilayer system including t TSS .
SmB 6 /YB 6 bilayers were fabricated through a sequential sputtering process without breaking the vacuum to ensure a pristine interface between SmB 6 and YB 6 for ideal proximity coupling. The details of sample fabrication can be found in the supplementary material.
[40] The geometry of the bilayers is schematically shown in Fig. 1(a) . The YB 6 film has a thickness of 100 nm and T c = 6.1 K obtained from a DC resistance measurement. The thickness of SmB 6 layers (t SmB6 ) are varied from 20 to 100 nm for systematic study. These bilayers all have T c = 5.8±0.1 K without a noticeable t SmB6 dependence of T c . The measurement of the effective penetration depth λ ef f is conducted with a dielectric resonator setup.[40-43] A 3 mm diameter, 2 mm thick rutile (TiO 2 ) disk, which facilitates a microwave transmission resonance at 11 GHz, is placed on top of the sample mounted in a Hakki-Coleman type resonator. [41] This resonator consists of niobium (top) and copper (bottom) plates to obtain a high quality factor for the dielectric resonance. The resonator is cooled down to the base temperature of 40 mK. As the temperature of the sample is increased from the base temperature, the change of the resonance frequency is measured, ∆f
04T c of the bilayers), below which f 0 (T ) of the bilayers shows saturated temperature dependence. This data is converted to the change in the effective penetration depth ∆λ ef f (T ) using a standard cavity perturbation theory, [44] [45] [46] 
.
(1) Here, G geo is the geometric factor of the resonator.
[40] Fig. 1(b) shows ∆λ ef f (T ) for the SmB 6 (N) / YB 6 (S) bilayers for various SmB 6 layer thickness t SmB6 . The single layer YB 6 thin film (i.e., t SmB6 = 0) shows temperature independent behavior below T /T c < 0.2. This is not only consistent with the BCS temperature dependence of ∆λ(T ) for a spatially homogeneous, fullygapped superconductor, [47, 48] but also consistent with previous observations on YB 6 single crystals. [32, 49] However, once the SmB 6 layer is added, ∆λ ef f (T ) clearly shows temperature dependence below T /T c < 0.2. Here, the important unconventional feature is that the low temperature profile of ∆λ ef f (T ) for the SmB 6 /YB 6 bilayers shows only a marginal t SmB6 dependence. This is in clear contrast to the case of the Cu (N) / Nb (S) bilayers shown in Fig. 1(c) . The ∆λ ef f (T ) for this conventional metal/superconductor bilayer system shows considerable evolution as the normal layer thickness t Cu increases. This is because when the decay length of the induced order parameter ξ N (T ) decreases with increasing temperature, the thicker (thinner) normal layer undergoes a larger (smaller) change in the spatial distribution of the order parameter, and hence the spatial profile of the screening. Therefore, the marginal t SmB6 dependence of ∆λ ef f (T ) for the SmB 6 /YB 6 bilayer implies that even though t SmB6 is increased, the actual thickness of the proximity-coupled screening region in the SmB 6 layer remains roughly constant.
To quantitatively analyze this unconventional behavior, an electromagnetic screening model for a proximitycoupled bilayer is introduced. [16, 25, 27, 28] The model solves Maxwell's equations combined with the second London equation for the current and field inside the bi-layer with appropriate boundary conditions at each temperature, to obtain the spatial profile of the magnetic field H(z, T ) and the current density J(z, T ) as a function of temperature. [16, 40] By integrating the stored energy from the current and field profiles, one can obtain the inductance L(T ) of the bilayer as
where the first, second, and third terms come from the superconductor, the proximity-coupled part of the normal layer, and the uncoupled part of the normal layer, respectively. From the calculated total inductance, one can obtain an effective penetration depth from the relation L(T ) = µ 0 λ ef f (T ). Here, H 0 is the amplitude of the applied microwave magnetic field at the top surface of the normal layer (see Fig. 1(a) ), t N (N=SmB 6 or Cu) is the total thickness of the normal layer, and d N (≤ t N ) is the thickness of the proximity-coupled region in the normal layer, which is assumed to be temperature independent. For a conventional metal, d N is the same as t N since the entire normal layer is uniformly susceptible to induced superconductivity, and thus the third term in Eq. 2 becomes zero. However, if there exists an insulating bulk region blocking the propagation of the order parameter up to the top surface (as in the case of a thick TI) in the normal layer, only the bottom conducting surface right adjacent to the superconductor is proximity-coupled. In this case, d N becomes the thickness of the bottom conducting surface states. The third term in Eq. (2), which accounts for the uncoupled portion of the normal layer, becomes non-zero. However, this third term can be removed by taking ∆L(T ) into account since the un-coupled SmB 6 region has temperature-independent microwave properties below 3 K [50] , whereas the temperature range of the measurement here extends below 2 K. The spatial dependence of screening of the proximitycoupled normal layer is imposed by that of the induced order parameter, which can be approximated by an exponential decay profile ∆ N (z, T ) = ∆ N (0, T )e −z/ξN(T ) in terms of the normal coherence length ξ N (T ). [18] The position dependent normal penetration depth is inversely proportional to the order parameter λ N ∼ 1/∆ N [51] so its position dependence is expressed as λ N (z, T ) = λ N (0, T )e z/ξN(T ) . Here, the temperature dependence of λ N at the interface is assumed to follow that of the superconductor [52] 
, which is the asymptotic behavior below 0.3T c for a fully-gapped superconductor. [47, 48] For the temperature dependence of the screening in the normal layer, ξ N (T ) plays a crucial role since it determines the spatial distribution of ∆ N (z, T ). If the sample is in the clean limit, the temperature dependence of the normal coherence length is given by ξ N =hv F /2πk B T . In the dirty limit, it is given by ξ N = hv F l N /6πk B T . [15] For the model fitting, the simplified expressions ξ as T → 0 should be cut off below a saturation temperature due to the finite thickness of the normal layer, which is theoretically predicted, [15, 53] and also experimentally observed from magnetization studies on other bilayer systems. [23, 26] In our measurements, the effect of this saturation of ξ N (T ) can be seen from the sudden saturation of the ∆λ ef f (T ) data below 0.04T c (see Fig.  1(b), Fig. 2(b-d) ). Therefore, only the data obtained in a temperature range of T /T c ≥ 0.04 is fitted, where the ∆λ ef f (T ) data indicates that ξ N is temperature dependent.
A given set of these parameters λ S (0), λ N (0, 0), ξ N (T 0 ), and d N determines a model curve of ∆λ ef f (T ). Therefore, by fitting the experimental data to a model curve, one can determine the values of these characteristic lengths. This screening model has successfully described ∆λ(T ) behavior of various kinds of normal/superconductor bilayers. [25, 27, 28] As seen in Fig. 2(a) , the model is first applied to fit ∆λ ef f (T ) of a single layer YB 6 thin film (i.e., no SmB 6 layer on the top) to obtain λ S (0): the simplest case where one needs to consider only the first term in Eq. (2) . Here, the data in a temperature range of T < 1.6 K (≈ 0.28T c of the SmB 6 /YB 6 bilayers) is fitted to avoid the contribution from the niobium top plate to ∆f 0 (T ). The best fit is determined by finding the fitting parameters that minimize the root-mean-square error σ of ∆λ ef f (T ) between the experimental data and the model fit curves. The best fit gives λ S (0) = 227 ± 2 nm. A comparison between the estimated λ S (0) of YB 6 thin film and that obtained in other work is discussed in the supplementary material. [40] With the λ S (0) of the YB 6 layer, one can extract the characteristic lengths of the induced superconductivity of the bilayers. Recent PCS measurements on a series of SmB 6 /YB 6 bilayers [54] have provided an additional constraint that allows reducing the number of fitting parameters: the point contact measurement on the bilayer with t SmB6 = 20 nm at 2 K showed perfect Andreev reflection, i.e., conductance doubling at the interface between a metal tip and the top surface of the SmB 6 , indicating that the entire 20 nm thick SmB 6 layer is proximitycoupled. Therefore, d N is fixed to 20 nm when fitting the ∆λ ef f (T ) data of the bilayer with t SmB6 = 20 nm.
The fitting is conducted with the clean and the dirty limit temperature dependence of ξ N (T ) as shown in Fig.  2(b) . The clean limit fit (blue) gives ξ clean N (2K) = 52 ± 1 nm, λ N (0, 0) = 340 ± 2 nm with σ of 0.237. On the other hand, the dirty limit fit (red) gives ξ dirty N (2K) = 262±180 nm, λ N (0, 0) = 505 ± 7 nm with the σ of 0.780. According to the fitting result, not only does the dirty limit fit apparently deviate from the data points, but also the σ of the dirty limit is three times larger than that of the clean limit, implying that the clean limit is more appropriate for describing ξ N (T ) of the SmB 6 layer. Henceforth, the ∆λ ef f (T ) data for the bilayers with other t SmB6 is fit using the clean limit temperature dependence of ξ N .
For the bilayers with t SmB6 = 40 and 100 nm, PCS revealed the conductance spectra having a Fano resonance, [54] which is the typical response of normal SmB 6 . [54] This implies that not the entire SmB 6 layer is proximity-coupled for the bilayers with t SmB6 = 40 and 100 nm, and thus d N is no longer equal to t SmB6 in these cases. Therefore, d N is now set to be a free fitting parameter. On the other hand, ξ clean N (2K) is fixed to 52 nm as obtained from the fitting result of the bilayer with t SmB6 = 20 nm. As seen from Fig. 2(c) and (d) , the resulting fit line gives d N = 8±2 nm, λ N (0, 0) = 159±2 nm for the bilayer with t SmB6 = 40 nm, and d N = 10 ± 1 nm, λ N (0, 0) = 207 ± 2 nm for the bilayer with t SmB6 = 100 nm. The estimated d N ≈ 9 nm is much smaller than t SmB6 , which is consistent with the absence of induced order parameter in the top surface of 40 and 100 nm thick SmB 6 layers measured by point contact spectroscopy. [54] We now discuss the implications of these results and propose a microscopic picture for the proximity bilayers. The important implication of the above results is the absence of the Meissner screening in the bulk of proximity- coupled SmB 6 , which is consistent with the existence of an insulating bulk region inside the SmB 6 layer. If the entire SmB 6 layer is conducting without an insulating bulk inside, the proximity-coupled thickness d N should be equal to t SmB6 considering the long normal coherence length of ≈ 52 nm. In that case, as t SmB6 increases, one would expect a continuous evolution of stronger ∆λ(T ) as seen in the Cu/Nb system ( Fig. 1(c) ), which is not observed in Fig. 1(b) . Also, the estimated d N ≈ 9 nm for the bilayers with t SmB6 = 40 and 100 nm is much smaller than half of t SmB6 . As illustrated in Fig. 3(a) , this situation can only be explained if a thick insulating bulk region of t bulk ≈ 22 and 82 nm exist in the bilayers with t SmB6 =40 and 100 nm respectively, providing a spatial separation between the top and bottom surface conducting states of t TSS = d N ≈ 9 nm. This spatial separation from the thick insulating bulk regions does not allow the order parameter to propagate to the top surface, so that only the bottom surface is proximity-coupled. This picture is also consistent with the observation that the entire SmB 6 layer with t SmB6 = 20 nm is proximity-coupled (Fig. 3(b) ); based on 2t TSS ≈ t SmB6 , the top and bottom conducting surface states are likely to be weakly overlapped (Fig. 3(b) ), and the induced order parameter is able to reach to the top Besides confirming the existence of an insulating bulk in the SmB 6 layer, the extracted fitting parameters based on the electromagnetic model provide an estimate for the important characteristic lengths such as ξ N , λ N , and t TSS , as seen from the above discussion. To confirm the estimated values, ξ N is converted to the Fermi velocity v F , whose value has been reported from other measurements. From the clean limit relation ξ N =hv F /2πk B T , one arrives at v F ≈ 8.5 × 10 4 m/s. As seen from Table. I, this value is similar to the values obtained from the ARPES and DC transport measurements. However, the v F values from theory and STM are an order of magnitude smaller. Recent DFT calculation accompanied by STM measurements [55, 56] and an independent theoretical calculation [57] show that the discrepancy can be explained by termination-dependent band bending at the surface of SmB 6 . The value of ξ N (2K) is also directly compared to that obtained from the DC transport study on Nb/SmB 6 bilayers. [58] The transport study has estimated a smaller value (≈ 9 nm) compared to our result (≈ 52 nm). This could be due to the differences in the grain size.
In summary, a microwave Meissner screening study is introduced and utilized to survey the properties of the SmB 6 /YB 6 bilayers. The advantages of the study in investigating the properties of a TI/SC system is demonstrated by the measurement and modeling of the temperature dependence of the screening with systematic TIlayer thickness variation. The study goes beyond the surface response to examine the screening properties of the entire TI layer, and uncovers the existence of an insulating bulk in the TI layer. Also, the study provides an estimate for characteristic lengths of the TI/SC bilayer, which sheds light on the design of a vortex MBS device. With its versatile capabilities, the microwave Meissner screening study can serve as a standard characterization method for a variety of TI/SC systems before using them as building blocks in topological quantum computation.
